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Abstract: In order to understand the endocrine control mechanism of physiological trade-offs between 
flight muscle and reproductive development, the effects of application of juvenile hormone III ( JH-IIT) 
and precocene I (P-I) on flight muscles and reproductive development were examined in the wing- 
dimorphic cricket Velarifictorus ornatus. The results indicated that at 7 d after the JH-III and P-I were 
injected into the test adults on the day of their emergence, the application of juvenile hormone promoted 
ovarian development in long-winged female V. ornatus. The weight of ovaries of crickets injected with 1, 
5, 10 and 25 wg JH-II were 43.9 + 10.7, 33.6 +14.0, 56.8 +7.6 and 39.3 + 30.7 mg/@ , 
respectively , which were significantly heavier than that of the control group. The application of juvenile 
hormone stimulated ovarian development but did not affect the number of eggs in the ovary of long-winged 
females significantly. On the contrary, the application of JH-III stimulated the degradation of flight 
muscles. The weight of flight muscles of crickets treated with 1, 5 and 10 wg JH-III decreased to 12.9 + 
4.7, 11.7 +4.8 and 8.8 +0.8 mg/@ , respectively, which was lighter than that of the control group. 
Injection of P-I restrained the ovarian development of short-winged female V. ornatus when the dosage 
was over 50 wg, but had no effect when the dosage was lower. There was no difference in the 
development of the testes, accessory glands, and flight muscles of long-winged males injected with 
acetone and juvenile hormone. Injection of P-I did not influence the development of the testes, accessory 
glands, and flight muscles of the short-winged males. Therefore, hormonal control of flight muscles and 
reproductive organ development appears to differ between female and male wing dimorphic crickets. 

Key words: Velarifictorus ornatus; wing dimorphism; physiological trade-offs; juvenile hormone; 
precocene; reproductive development; flight muscles 
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Wing polymorphism occurs widely in the Insecta 
where it plays a central role in the life cycle of many 
species (Zhao and Zera, 2004). The polymorphism 
consists of one or more flightless morphs with 


and flight 
undeveloped flight muscles alone, and a flight- 


underdeveloped wings muscles, or 
capable morph with fully developed wings and flight 
muscles ( Zera et al., 1997). Importantly, flight 
capability trades off with ovarian growth; flightless 
adults begin egg development earlier and tend to 
produce considerably more eggs than their flight- 
capable counterparts during early adulthood 
(Dingle, 1996; Zera and Denno, 1997, Zera and 
Harshman, 2001 ). 


The endocrine mechanisms that regulate the 


development of alternate morphs have been the 
subject of considerable studies by both insect 
physiologists and evolutionary biologists ( Roff, 
1986, Zera and Denno, 1997). Most studies on this 
topic have centered on the role of the juvenile 


1996 ). 


hormone from the corpus allatum plays an important 


hormone ( Zera and Tanaka, Juvenile 
role in the regulation of insect metamorphosis and 
contributes to many physiological and behavioral 
aspects of insect development, such as vitellogenin 
synthesis and ovarian development in adults, 
diapause, phase differentiation, caste determination 
in social insects, and other aspects of metabolism 
that are associated with these functions ( Nijhout, 


1994). In the dimorphic cricket Modicogryllus 
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confirmatus, topical application of a JH analog, 
methoprene, increased egg production and the 
incidence of flight muscle histolysis in both intact 
and neck-ligated long-winged ( LW ) females 
(Tanaka, 1994). In the planthopper Nilaparvata 
lugens, ovarian growth was enhanced greatly in the 
presumptive macropters when JH-III or methoprene 
was applied twice, within 12 h of the 3rd or 4th 
nymphal stadium and 6 h before adult emergence 
( Ayoade et al., 1999). Cisper et al. (2000 ) 
measured the juvenile hormone titers in the wing- 
polymorphic cricket Gryllus firmus during the first 
week of adulthood. The results showed that the titer 
of juvenile hormone was significantly higher in short- 
winged (SW) females than in LW females on day 
3 —7 of adulthood ( Cisper et al., 2000). However, 
the results of Zhao and Zera (2004) demonstrated a 
large-amplitude ( > 20-fold increase in mean titer ) 
daily cycle in the hemolymph titer of juvenile 
hormone in G. firmus, which occurred in the LW 
morph, but not in the SW morph. This means that 
the titer of LW was higher than that of SW during the 
daily cycle. 

The discovery of precocenes in the common 
bedding plant Ageratum houstonianum by Bowers 
(1976) introduce a new approach to the study of 
metamorphosis and reproduction in insect species, in 
which difficult. These 


compounds disrupt metamorphosis by destroying cells 


surgical allatectomy is 


of the corpora allata selectively, thus preventing 
juvenile hormone synthesis ( Hardie et al., 1996). 
When precocene II was applied once to the 2nd or 
3rd nymphal stadium of N. lugens, LW adults were 
induced. However, precocene II did not affect 
ovarian growth ( Ayoade et al., 1996). When 
precocene II was adult 
emergence, macroptery was induced and ovarian 
growth was disrupted ( Ayoade et al., 1996). But no 
report exists that discusses the effect of precocene on 


applied twice before 


ovarian development when applied in SW adults after 
emergence. 

In the wing-dimorphic cricket Velarifictorus 
ornatus, LW females deposited fewer eggs than SW 
females during the early stage of adult life. 
However, the development of flight muscles in LW 
females was faster than in SW females (Zhao et al., 
2010). In the current study, we investigated the 
control by juvenile hormone of the physiological 
trade-offs in wing-dimorphic insects by using a 
prospective design, applying juvenile hormone to LW 
individuals to increase the JH titer, and, in the 
opposite direction, we applied precocene to SW 


individuals to destroy the corpora allata thus 


preventing the synthesis of juvenile hormone. The 
of flight 


reproductive organs was compared to clarify the effect 


subsequent development muscles and 
of endocrine control on the physiological trade-offs 
between the development of flight muscles and 
reproductive organs in the wing-dimorphic cricket V. 


ornatus. 


1 MATERIALS AND METHODS 


1.1 Insects 

The insects used were derived from a laboratory 
colony originally collected in Zhuzhou, China (27° 
48'N, 113°12'E) in May 2005. Nymphs and adults 
were reared according to a method described 
previously (Zhao et al., 2008). The development of 
V. ornatus nymphs is affected mainly by changing 
photoperiod. When the photoperiod changes from 
short to long days, it promotes the development of 
nymphs significantly (Zhao et al., 2008). In the 
current experiment, to shorten the period of nymphal 
development, the V. ornatus nymphs were kept first 
at 25°C. and a photoperiod of 12L: 12D for 30 d, and 
transferred subsequently to 25°C and 16L: 8D. 
1. 2 Application of juvenile hormone and 
precocene I 

Various doses of juvenile hormone-III ( JH-II, 
Sigma-Aldrich Trading Co., Ltd. ) and precocene I 
( P-I, Sigma-Aldrich Trading Co., Ltd) were 
prepared in acetone. Crickets were treated with 
hormone by injecting 1 uL of a particular dose into 
the body of the test adults between the 2nd and 3rd 
layer membranes of the abdomen within 12 h on the 
day of their emergence. All the experimental crickets 
were anesthetized for 1 min with ice before injection. 
The LW females were injected with 1, 5, 10 and 25 
we/individual of JH-III, respectively. The SW 
females were injected with 1,5, 10, 25, 50 and 100 
w2/individual of P-I, respectively. The males ( LW 
and SW) were injected with 1, 5, 10 and 25 pg/ 
individual of JH-III or P-I, respectively. The control 
crickets were injected only with 1 wL acetone. About 
10 —15 individuals were treated for each dose. 
1.3 Effects of hormones on the development of 
flight muscles and reproductive organs 

Crickets were frozen at — 20°C for 24 h at 7 d 
after they had been injected with JH-III or P-I, and 
dissected under a binocular microscope ( SZX7, 
Olympus Corporation, Tokyo, Japan). The mass of 
flight muscles and ovaries from females, and flight 
muscles, testes, and accessory glands from males, 
was measured using an electrical balance ( AL104, 
Mettler-Toledo, Greifensee, Switzerland). Eggs in 
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the ovaries of the dissected LW females were 
counted. For the LW females injected with 1 or 5 wg 
JH-III, the mass of flight muscles and ovaries and 
the number of eggs were recorded using the 
aforementioned methods on day 14 after injection. 
1.4 Statistical analysis 

The differences among the groups were 
subjected to ANOVA. In all cases, the significance 
level a was 0. 05. All statistical analyses were 
performed using OriginPro 8. 0 ( OriginLab, 
Northampton, MA, USA). 


2 RESULTS 


2.1 Effects of hormone on adult body weight of 
V. ornatus 

The LW females treated with 10 wg JH-III were 
slightly heavier than the females that received 1, 5 or 
25 wg JH-II. However, there were no significant 
differences between the control and those treated with 
any of the JH doses (ANOVA, P>0.05; Fig. 1). 
No significant difference in body mass was found 
between the control and SW females injected with 
various dosages of P-I (ANOVA, P >0.05; Fig. 
2). The effect of the JH-III and P-I on the body 
weight of the male adults was different from that of 
female adults. There was no significant difference in 
the body weight of the LW males in the control and 
treatment groups that received 1, 5 or 25 wg JH-IU. 
However, the body weights of the three treatment 
groups were significantly lower than that of the group 
injected with 10 wg JH-II ( ANOVA, P <0. 05; 
Fig. 1). The body weight of the SW males injected 
with 5 wg P-I was significantly lower than that of the 
control males. There were no significant differences 
in the body weight between the other treatments and 
the control (ANOVA, P <0.05; Fig. 2). 
2.2 Effects of JH on development of flight 
muscles and ovaries in LW females of V. ornatus 

The LW females were injected with JH-III on 
the day they emerged as adults. They were dissected 
on day 7 after treatment. The weight of ovaries from 
the control group was 16.8 +11.4 mg (mean + SD, 
n=10-15). The weights of the ovaries of the 
treatment groups that received 1, 5, 10 or 25 wg JH- 
III were 43.9 +10.7, 33.6414.0, 56.8 +7.6 and 
39. 3 + 30. 7 mg, respectively, which were all 
significantly heavier than those of the control group 
(ANOVA, P <0. 05; Fig. 3: A). The weight of 
ovaries of females injected with 10 wg JH-LI was 
significantly heavier than that of females injected 


with 5 wg JH- (ANOVA, P <0.05; Fig. 3: A). 
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Fig. 1 Effects of application of JH-III on body weight in 
long-winged individuals of Velarifictorus ornatus 
Data in the figure are represented as mean + SD (n =10 -15). Different 
capital and small letters above bars indicate significant differences among 
different dosages of the same gender, respectively (ANOVA, P <0. 05). 
The same for the following figures. 
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Fig.2 Effects of application of P-I on body weight in 
short-winged individuals of Velarifictorus ornatus 
— : No data. 


The effects of JH-III on the number of eggs and 
ovaries weight were different. After the crickets had 
been injected with JH-III, the number of eggs in the 
treatment groups was greater than that in the control 
group. Significant difference was found between the 
control group and the group injected with 10 wg JH- 
(ANOVA, P <0. 05; Fig. 3: B). However, the 
number of eggs did not differ significantly among the 
other treatment groups and the control group 
(ANOVA, P >0.05; Fig. 3: B). These results 
indicated that the application of JH-III promoted 
ovarian developent, but had no obvious effect on the 
formation of eggs. 

The effect of JH-III on flight muscle development 
was the inverse of its effect on ovarian development. 
After the crickets had been injected with 1, 5, or 10 
wg JH-II, their flight muscles weighed 12.9 +4.7, 
11.7 + 4. 8 and 8. 8 + 0. 8 mg, respectively, 
significantly lighter than that of the control group 
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(ANOVA, P<0.05; Fig. 3: C). The flight muscles 
of the crickets that received 25 wg JH-II were lighter 
than those of the control group, although the difference 
was not significant (ANOVA, P>0.05; Fig. 3: C). 
The results showed that the application of JH-III could 
stimulate the degradation of the flight muscles of LW 


females. 
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Fig. 3 Effects of application of JH-II on weight of 
ovaries (A), number of eggs (B), and weight of 
flight muscles (C) dissected at 7 d after treatment in 


long-winged females of Velarifictorus ornatus 
JH- = 1,5, 10 pg, n=10—-15; JH-IN= 25 ug, n=4. 


To examine the effect of JH-III on the 
development of the ovaries and flight muscles more 
closely, the weights of the flight muscles and ovaries 
on the 14th day after the crickets had been injected 


with 1 or 5 ug JH-II were investigated. There were no 
significant differences in the weight of the ovaries or 
flight muscles among the control and treatment groups 
(ANOVA, P>0.05; Fig. 4: A, B). This suggested 
that the effect of JH on the development of flight 
muscles and ovaries was related to the time of 
administration of JH. 
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Fig. 4 Effects of application of JH-[II on weight of ovaries ( A) 
and flight muscles (B) dissected at 14 d after treatment in 
long-winged females of Velarifictorus ornatus 


2.3 Effects of P-I on ovarian development and 
number of eggs in SW females of V. ornatus 
Injection of P-I influenced the development 
profiles of the ovaries in the SW females. There was 
no significant difference in ovarian growth between 
the control and the P-I treatments when the crickets 
were treated at a dosage level of only 1 wg 
(ANOVA, P >0.05; Fig. 5: A). With the P-I 
dose increasing from 1 to 5 wg, the weight of ovaries 
in the treatment group was significant lighter than 
that in the control group. No significant effect was 
observed when the crickets were treated with 10 or 
25 wg, although the weights of ovaries in treatment 
groups were lighter than that in the control group 
(ANOVA, P <0. 05; Fig. 5: A). When the 
crickets were treated with 50 or 100 wg P-I, their 
ovaries were significantly lighter than those of the 
control group (ANOVA, P <0.05; Fig. 5: A). 


Administration of P-I showed a similar effect on 
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the formation of eggs to that on the development of 
ovaries. The formation of eggs was restrained when 
the crickets were treated with 5 wg P-I. The number 
of eggs of the crickets was significantly fewer in 
treatment group than that in the control group 
(ANOVA, P>0.05; Fig. 5: B). No significant 
effects were observed when the crickets were treated 
with 1, 10 or 25 wg P-I; the number of eggs in the 
ovaries in these treatment groups was similar to that 
in the control group. The number of eggs in the 
ovaries in treatment groups was significantly lower 
than that in the control group when the dosage was 
increased to 50 or 100 wg (ANOVA, P <0. 05; 
Fig. 5: B). These results indicated that P-I could 
restrain ovarian development and the formation of 
eges, but that the effect was related to the dosage 
applied. 
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Fig. 5 Effects of application of P-I on weight of ovaries (A) 
and number of eggs (B) in short-winged females 
of Velarifictorus ornatus 


2.4 Effects of JH-III on flight muscles and 
reproductive development in LW males of 
V. ornatus 

The effect of JH-III treatment on reproductive 
development in LW male crickets was different from 
that in the LW females. When the LW males were 
injected with dosages of JH-III, no 
significant difference was observed in the weights of 
the testes and accessory glands among the treatment 


various 


56 & 


and control groups (ANOVA, P>0.05; Fig. 6: A, 
B). These findings showed that JH-III did not affect 
the development of the testes and accessory glands in 
LW males. 

The flight muscles of the LW males, unlike 
those of the LW females, did not undergo histolysis. 
Their weights were similar to those of the control 
group, except for the group treated with 10 wg JH- 
(Fig. 6: C). These results indicate that JH-III did 
not cause obvious degradation of flight muscles in the 
LW males of V. ornatus. 
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Fig. 6 Effects of application of JH-II on the weight of 
testes (A), accessory glands ( AGS) (B) and 
flight muscles (C) in long-winged male adults of 
Velarifictorus ornatus 


eS Effects of P-I on flight muscles and 
reproductive development in SW males of 
V. ornatus 
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Administration of P-I did not affect the 
development of the testes and accessory glands in SW 
males. There was no significant difference in the 
weights of the testes and accessory glands among the 
control and treatment groups (ANOVA, P >0.05; 
Fig. 7: A, B). In addition, 


difference was observed in the development of the 


no significant 


flight muscles when the crickets were treated with 
different dosages of P-I (ANOVA, P >0. 05; Fig. 
7: C). These results suggest that P-I does not affect 
the development of flight muscle, testis, or accessory 
gland in SW males. 
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Fig. 7 Effects of P-I on the weight of testes (A), 
accessory glands ( AGS) (B) and flight muscles (C) in 


short-winged male adults of Velarifictorus ornatus 


3 DISCUSSION 


Physiological trade-offs between flight muscles 
and ovarian development have been reported in 
various orders of insects ( Zera and Denno, 1997). 
fecund and 


The delayed 


ovarian development in LW females is caused by a 


Generally, LW females are less 
reproduce later than SW females. 


reduced titer of juvenile hormone relative to that of 
the SW females ( Roff, 1986) because ovarian 
development in many adult insects is dependent to a 
large extent on this hormone (Engelmann, 1970). 
The titer of juvenile hormone in adult G. firmus was 
significantly higher in SW females than in LW 
females on day 3 — 7 of adulthood ( Cisper et al., 
2000). However, histolysis of the flight muscles 
could elevate the juvenile hormone titer in LW 
females (Cisper et al., 2000). The JH-III titers in 
the hemolymph of the brachypters in N. lugens were 
significantly higher than those of macropters, which 
coincided with the earlier development of oocytes in 
the brachypters ( Bertuso and Tojo, 2002). 
In the wing-dimorphic cricket V. 
ovarian development in SW females was faster than 
that in LW females during the early stage of adult life 
(Zhao et al., 2010). The ovarian development 
accelerated significantly after recently eclosed LW 
females were injected with various dosages of JH- 
(Fig. 3: A). The results showed that exogenous JH- 
III stimulated ovarian development in LW female V. 


ornatus , 


ornatus. These were in accordance with the results 
that application of JH-III induced the increase in the 
contents of protein, glycogen and total lipids ( Zhao 
et al., 2012). A similar response has been reported 
in NÑ. lugens, in which the application of JH-III also 
accelerated ovarian growth ( Ayoade et al., 1999). 
The number of eggs in the ovary of LW females 
injected with various dosages of JH-III was greater 
than that in the control group. However, only the 
difference between the group that received 10 wg JH- 
II and the control group was significant. That means 
application of JH-III stimulated ovarian development 
but failed to stimulate egg formation in LW females. 
These phenomena may be explained by the time 
required for the formation of eggs. Zhao et al. 
(2010) reported that the pre-oviposition period of V. 
ornatus was about 10.7 d in LW females and 9.1 d 
in SW females. This means that egg formation in the 
ovaries takes about 9 d after emergence of female 
adults. In the current study, the number of eggs was 
investigated on day 7 after adult emergence, and 
therefore the eggs had not been formed completely 
when we counted the eggs. Therefore, the number of 
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eggs in the control group was similar to that of the 
treatment groups after JH had been injected. 

Administration of JH-III stimulated ovarian 
development and triggered flight muscle histolysis. 
This result was in accordance with the findings in M. 
confirmatus ( Tanaka, 1994). When the dosage of 
JH-III ranged from 1 to 10 wg, the flight muscles in 
LW females were significantly lighter than those of 
the control group (Fig. 3: C). However, when the 
dosage reached 25 wg, JH-III showed no significant 
effect on the development of flight muscle. These 
results may be related to the small sample size: only 
four flight muscles were counted in the group treated 
with 25 wg JH-IIL. 


Injection of stimulated ovarian 


JH-I 
development and caused histolysis of the flight 
muscles on the 7th day after the crickets had been 
treated with various dosages of JH-III. However, 
there was no effect on the development of the ovary 
and flight muscle on the 14th day after the crickets 
had been treated with 1 or 5 wg JH-I. These results 
may be related to the activity of the juvenile hormone 
and to the mechanism of flight muscle histolysis. The 
half-life of juvenile hormone in vivo is quite short, 
ranging from less than 1 h to 4 h (Johnson and Hill, 
1973; Zera et al., 1993). A pulse of juvenile 
hormone can stimulate ovarian growth and flight 
muscle histolysis within 7 d. On day 14, juvenile 
hormone becomes inactive and can no longer affect 
ovarian and flight muscle development. On the other 
hand, the flight muscles of the LW females began to 
show histolysis on day 7 of adulthood ( Zhao et al., 
2010). These females can then transfer energy used 
flight 


maintenance of ovarian development. Thus, there 


previously for muscle development or 
was no difference in ovarian and flight muscle 
development between the control and treatment 
groups. 
Metamorphosis and wing dimorphism were 
disrupted in N. lugens when P-II was applied once to 
the 2nd, 3rd, 4th, or 5th nymphal stadium but there 
was no effect on ovarian growth ( Ayoade et al., 


1996 ). 
drastically in SW females when P-II was applied 


However, ovarian growth was reduced 
twice before adult emergence ( Ayoade et al., 
1996). The results of the current study showed that 
ovarian development and the formation of eggs were 
reduced significantly when SW females received P-I 
at >25 wg. When the dosage was less than 25 ug, 
the weight of the ovary was lower and the number of 
eges was fewer than those of the control group, 
although the difference was not significant (Fig. 5). 
The above results suggest that the activity of the 


corpora allata is suppressed when crickets are 
injected with P-I. However, the suppressive effect of 
P-I on ovarian development is related to the dosage of 
P-I that crickets receive. Therefore, the present 
results demonstrate that ovarian development is 
controlled by juvenile hormone. 

Zhao et al. (2010) argued that there were no 
trade-offs between reproduction and flight in LW and 
SW males of V. ornatus, and that the frequency of 
wing reduction in males may be an artifact of a 
genetic correlation between the sexes. In the current 
study, unlike the situation in LW females, JH-III 
did not affect the development of the flight muscle 
and reproductive organs of LW males. The testes 
grew faster in the JH-III treated group than in the 
control group, but the difference was not significant. 
The accessory glands showed a similar pattern. The 
development of the testes and accessory glands of the 
SW male was also unaffected by the application of P- 
I. The above results provide further support to the 
conclusion of Zhao et al. (2010) that there are no 
trade-offs between reproduction and flight in LW and 
SW males of V. ornatus. 
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